BACKGROUND: Volatile anesthetics act primarily in the spinal cord to produce immobility but their exact site of action is unclear. Between 0.8 and 1.2 minimum alveolar anesthetic concentration (MAC), isoflurane does not depress neurons in the dorsal horn, suggesting that it acts at a more ventral site within the spinal cord such as in premotor interneurons and motoneurons. We hypothesized that isoflurane, halothane, and propofol would exert a greater depressant effect on nociceptive responses of ventral horn neurons when compared with dorsal horn neurons. METHODS: Rats were anesthetized with isoflurane or halothane and responses of dorsal (Ͻ1200 m deep) and ventral (Ͼ1200 m) lumbar neurons to noxious mechanical stimulation of the hindpaw were determined at 0.8 and 1.2 MAC. In a third group anesthetized with isoflurane at 0.8 MAC, we administered 5 mg/kg propofol while recording responses from dorsal horn or ventral horn neurons. RESULTS: Dorsal horn neuronal responses were not significantly affected when either isoflurane or halothane was increased from 0.8 to 1.2 MAC; propofol also had no significant effect. On the other hand, with increased isoflurane or halothane concentration, responses of ventral horn neurons were depressed by 60% and 45%, respectively. Propofol profoundly depressed (Ͼ90%) ventral horn neurons. CONCLUSIONS: These data suggest that, in the peri-MAC range, isoflurane, halothane, and propofol have little or no effect on neuronal responses to noxious mechanical stimulation in the spinal dorsal horn but depress such responses in the ventral horn. Immobility produced in the 0.8 -1.2 MAC range by these anesthetics appears to result from a depressant action in the ventral horn.
Immobi lity is one of the defining hallmarks of general anesthesia (1) . Several studies have documented the importance of volatile anesthetic action in the spinal cord to produce immobility (2) (3) (4) (5) ; however, we do not completely understand precisely how and where anesthetic action in the spinal cord produces this essential behavioral end point. Older studies indicate that anesthetic action in the dorsal horn might be important (6, 7) . However, we have more recently shown, in several studies, that isoflurane has little to no depressant effect on dorsal horn neurons in the 0.8 -1.2 minimum alveolar anesthetic concentration (MAC) range (8, 9) . In fact, although both halothane and isoflurane depressed neuronal responses in the 0 -0.8 MAC range, only halothane caused further depression in the 0.8 -1.2 MAC range (9) . These data suggest that, in the peri-MAC range, anesthetics, in particular isoflurane, might produce immobility largely via action at ventral spinal neurons, such as premotor interneurons or motoneurons. Indeed, in vitro studies show that anesthetics do depress motoneurons (10, 11) , and we have shown evidence suggesting isoflurane's action on lamprey locomotor interneurons (12) .
The purpose of the present study was to probe anesthetic sensitivity of neurons located in the dorsal and ventral horns of the rat spinal cord. We hypothesized that neurons located in the ventral horn would be more depressed by isoflurane, halothane, and propofol when compared with neurons located in the dorsal horn.
METHODS
The local animal care and use committee at the University of California, Davis, approved this study. In brief, the experimental paradigm was to determine responses to noxious stimulation in spinal neurons located in the dorsal horn and compare these responses with those from neurons situated ventral to the dorsal horn.
We determined these responses at 0.8 and 1.2 MAC isoflurane and halothane, as well as after bolus administration of propofol in isoflurane-anesthetized rats.
Adult male rats were anesthetized in an acrylic chamber using either isoflurane (4%) or halothane (3%). Anesthesia was maintained via mask while a tracheostomy was placed. A 14-gauge plastic catheter was inserted into the trachea and mechanical ventilation initiated. End-tidal gases were sampled using a calibrated agent analyzer (Rascal II, Ohmeda, Salt Lake City, UT). End-tidal carbon dioxide was kept at approximately 30 -40 mm Hg. Temperature was monitored using a rectal probe and was maintained at approximately 37°C-38°C. A carotid artery and jugular vein were cannulated for measuring arterial blood pressure and administration of drugs and fluids, respectively. Ligation of a carotid artery does not alter cerebral blood flow in the rat (13) . Mean arterial blood pressure was maintained in the approximately 80 -120 mm Hg range. A laminectomy was performed at T12-L3 to expose the lumbar spinal segments. After this, the MAC for each animal was determined as previously described (8) . The anesthetic concentration was stabilized for at least 15 min and a hemostat was applied to the tail and oscillated (Ϯ45°) at 1 Hz for 1 min or until the animal displayed gross and purposeful movement, such as pawing of the extremities or movement of the head towards the stimulus. The anesthetic concentration was increased or decreased 0.2% (depending on whether purposeful movement occurred or not), and after waiting 15-20 min for equilibration, the clamp was applied again. This process was continued until two anesthetic concentrations were found that just permitted and just prevented movement. The MAC was the average of these concentrations.
The rat was placed into a stereotaxic frame (Kopf, Tujunga, CA) and the spinal column secured using vertebral clamps rostral and caudal to the laminectomy. The head was also secured using ear bars and incisor clamp. The dura was reflected and the spinal cord exposed. Warm agar was poured onto the spinal cord and a small window was made to expose the cord. Single unit activity was obtained using a tungsten microelectrode (approximately 10 M⍀, FHC, Bowdoinham, ME) lowered into the spinal cord with a micromanipulator (Kopf, Tujunga, CA). The signal was amplified (Tucker-Davis, Alachua, FL) band-pass filtered from 300 to 5000 Hz and fed to a computer for recording (Chart5, ADInstruments, CO Springs, CO) onto a hard-drive. The signal-to-noise ratio was at least four and was usually much more. Pancuronium (0.2-0.3 mg/kg every 1-2 h) was administered to minimize movement-related disruption of the recording. We sought neurons that responded to stimulation of the hindpaw. The search stimulus was a combination of touching the paw as well as mild pinching. Neurons were classified as wide dynamic range if they responded to innocuous and noxious mechanical stimuli at a progressively increasing firing rate and nociceptive-specific if they only responded to the latter.
We recorded neuronal responses to a noxious pinch applied to the receptive field on the hindpaw. We used a small forceps instrumented with a force transducer (Sensotec, Columbus, OH) near the proximal end of the forceps. The pinch was applied for 5 s and maintained at a constant force as determined by a transducer monitor readout (Sensotec, Columbus, OH), which was displayed continually on the Chart recording along with unit activity. The intensity of the pinch force (range, 35-55 N) was established for each individual unit based on its receptive field and response level. Although the intensity of the stimulus varied from unit to unit, for each unit the force of each pinch stimulus applied to the hindpaw was constant. When applied to the investigator's skin, pinches in the force range used presently (35-55 N) all elicited moderate to strong pain.
We studied three groups. One group was anesthetized with isoflurane (n ϭ 18), the second group was anesthetized with halothane (n ϭ 10). In the third group, rats were anesthetized with isoflurane and then administered propofol (n ϭ 7). This facilitated data collection, as administering propofol as the sole anesthetic is challenging in terms of measuring and maintaining propofol plasma concentrations. In the isoflurane and halothane groups, we recorded neuronal responses to the noxious pinch at 0.8 and 1.2 MAC as referenced to each animal's individually determined MAC value. We waited at least 15 min to equilibrate at the new anesthetic concentration before recording neuronal responses. At each anesthetic concentration, a series of 3-5 pinch stimuli was delivered at a minimum interstimulus interval of 4 min. After recording responses at 1.2 MAC, in most animals we returned to 0.8 MAC and obtained responses again for the same neuron. In the propofol group we maintained isoflurane at 0.8 MAC and, after recording control neuronal responses, administered propofol 5 mg/kg IV. We chose this dose based on pilot data as well as our prior work (14) . We recorded responses 1, 4, 7, 10, and 13 min after propofol administration.
In most animals, two units were recorded: one dorsal (depth Ͻ1200 m) and one ventral (Ͼ1200 m), with this depth (1200 m) representing the approximate demarcation between the dorsal horn and the intermediate zone and ventral horn. The order of recording dorsal and ventral units was counterbalanced across experiments. In most rats, an electrolytic lesion was made at the last recording site (direct current, 8 V for 30 -45 s). Animals were killed with an anesthetic overdose and IV potassium chloride, after which the lumbar spinal cord was removed and postfixed in 10% formalin for Ͼ2 wk. lesion), and the photomicrograph was overlaid on to a representative section of the fourth lumbar segment from the atlas of Paxinos and Watson (15) . The size of the photomicrograph was adjusted to match the drawing of the lumbar segment. The person identifying the lesion and transferring the lesion site was blinded to experimental group and recording depth.
Neuronal activity was quantified using the histogram program of Chart5 (ADInstruments, CO Springs, CO). We counted the number of action potentials during the 30-s period before pinching (spontaneous activity) and for the 60-s period beginning with application of the pinch (total activity). We also separately analyzed the response during the period of pinching. This permitted analysis of the response during the period when movement would be most likely to occur. Evoked activity was total activity minus spontaneous activity. Total and evoked activities at 0.8 MAC were compared with those at 1.2 MAC. In the propofol group, we compared the control activity (recorded during 0.8 MAC isoflurane anesthesia in the absence of propofol) to the average of the evoked responses recorded after administration of propofol. Because some of the data were not normally distributed (based on the Kolmogorov-Smirnov test), we used the Wilcoxon's signed rank test for statistical comparisons. A P Ͻ 0.05 was considered significant.
RESULTS
Responses were recorded from 70 neurons in 39 rats; 30 neurons (14 dorsal horn, 16 ventral horn) were recorded in the isoflurane group, 25 in the halothane group (11 dorsal horn, 14 ventral horn), and 15 neurons in the propofol group (8 dorsal horn, 7 ventral horn). The MAC in the isoflurane group was 1.3% Ϯ 0.2%, whereas the halothane MAC was 1.0% Ϯ 0.2%. The isoflurane MAC in the propofol group was 1.3% Ϯ 0.2%. The mean recording depths of the dorsal and ventral neurons were 746 Ϯ 184 m and 1646 Ϯ 283 m, respectively, for the isoflurane group; 580 Ϯ 252 m and 1766 Ϯ 242 m in the halothane group; and 689 Ϯ 180 m and 1869 Ϯ 270 m in the propofol group. In 25 animals, lesion sites were verified histologically and are shown in Figure 1 for the dorsal (open circles) and ventral (filled circles) sites. In all cases shown in Figure 1 , the dorsal or ventral location of the unit based on microdrive micrometer readings was consistent with the location of the lesion. One neuron in the propofol group was located in the ventral horn based on the microdrive reading, but a lesion was found in the dorsal horn. Because of this discrepancy, we excluded this neuron from the propofol data analysis, leaving the 15 neurons noted above.
In the isoflurane group, the neurons in the dorsal horn had low spontaneous activity (at 0. In the propofol group with background isoflurane anesthesia, spontaneous activity, when present, was markedly depressed by propofol (data not reported).
Increasing the isoflurane concentration from 0.8 to 1.2 MAC did not have a significant effect on evoked activity of neurons in the dorsal horn; however, evoked activity of deeper neurons in the ventral horn was significantly (P Ͻ 0.05) suppressed by 60% (Fig.  2B) . Analysis of responses for the 5-s period during stimulation revealed similar depression. Individual responses in Figure 3 show that a neuron in the ventral horn was more sensitive to the increased isoflurane concentration compared with a neuron in the dorsal horn.
Increasing the halothane concentration had no effect on dorsal horn neuronal responses, but depressed responses in the ventral horn neurons by 45% (P Ͻ 0.05) (Fig. 4) . For halothane and isoflurane, after return to 0.8 MAC, the neuronal responses were not significantly different from the responses at the first 0.8 MAC condition.
In the propofol group, the dorsal horn neurons were transiently depressed, although this did not reach statistical significance (P ϭ 0.13 for the 1 min (15)]. Open circles: sites Ͻ1200 m based on micrometer reading; filled circles: depths Ͼ1200 m. The approximate recording depth can be estimated from the depth marker at right. response), whereas deeper ventral neurons were profoundly depressed (90% depression at 1 min postpropofol, P Ͻ 0.05; Fig. 5 ). Furthermore, the ventral neurons remained markedly depressed. The average of the responses of the ventral neurons after propofol was only 8% of the prepropofol control responses (P Ͻ 0.05).
DISCUSSION
The purpose of the present study was to determine the extent of depression of nociceptive spinal neuronal responses by three common anesthetics, relative to neuronal location in the spinal cord. The results confirm the hypothesis that neurons in the ventral horn are more depressed by isoflurane, halothane, and propofol when compared with neurons in the dorsal horn. We discuss these findings in relation to the ability of these anesthetics to produce immobility.
Several lines of evidence suggest that anesthetics act primarily in the spinal cord to produce immobility. Anesthetic requirements increase 100%-300% when isoflurane, halothane, thiopental, and experimental an- esthetics (such as hexafluorobenzene) are selectively delivered to the brain (2, 3, 16) . After decerebration, or if the spinal cord is transected (using hypothermia to prevent spinal shock), isoflurane MAC is unchanged (4, 5) . Thus, although these data indicate that the spinal cord is an important site of anesthetic action, it is unclear where in the spinal cord this action might occur. We hasten to point out, however, that there is some evidence that anesthetics such as thiopental, propofol, and isoflurane can modulate nociception and immobility at supraspinal sites (16 -19) .
Numerous studies over several decades, including in vivo studies (6, 8) as well as in vitro work (20, 21) , have focused on the dorsal horn as the site where anesthetics might act. These in vitro studies compared dorsal horn neuronal activity in control conditions (i.e., without isoflurane) with activity with 1 MAC isoflurane (20, 21) . These data are consistent with our finding that isoflurane depressed dorsal horn neuronal responses to noxious stimulation in the 0 -0.8 MAC range (9) , however, no further depression occurred in the 0.8 -1.2 MAC range (8, 9) . This lack of effect of isoflurane between 0.8 and 1.2 MAC is important, as vigorous movement occurs at 0.8 MAC, whereas none occurs at 1.2 MAC. Halothane, on the other hand, depressed dorsal horn neuronal responses across the 0 -1.2 MAC concentration range in a concentration-dependent manner, including the step from 0.8 to 1.2 MAC (8,9), although in the present study we did not see depression in this latter range. A possible explanation for this discrepancy might be the different stimulation techniques used. In prior studies we used noxious thermal (8) or electrical stimuli (9) , whereas in the present study we used a mechanical stimulus. In our prior study, in which a range of thermal stimulus intensities was given (8), the depressant effects of halothane on dorsal horn neurons were most evident in the moderate stimulus intensity range and less evident at the highest stimulus intensity. A submaximal stimulus might reveal subtle differences among anesthetics that are not apparent with a supramaximal stimulus. Thus, the thermal and electrical stimuli used previously were most likely not supramaximal, whereas the mechanical stimulus used presently was of relatively greater intensity, approaching the supramaximal level of stimulation normally used in MAC studies. Because the focus of the present study was to investigate the relationship between neuronal location and anesthetic depression, we did not further examine the role of stimulus type.
Anesthetics also act on more ventral neurons, such as locomotor/reflex interneurons and motoneurons. For example, motoneurons become hyperpolarized by anesthetics (11) , which would render the motoneurons less excitable. In the lamprey, intersegmental coordination of fictive swimming (mediated by locomotor interneurons) is disrupted by minimum immobilizing concentrations of isoflurane (12) . Thus, immobility might result from a combination of depression of neurons in the dorsal horn (possibly at least for halothane) as well as ventrally located neurons. The question arises whether neuronal depression depends on location of specific receptors at different laminar depths or if there is progressive nonspecific neuronal depression in a dorsal-to-ventral polysynaptic neural circuit.
Why might anesthetics differ in their effects at different laminar depths? Data from labeling studies suggest some laminar differences with respect to various neurotransmitter receptors, such as the N-methyl-d-aspartate (NMDA), ␥-aminobutyric acid, and glycine receptors (22) . Hence, anesthetics that have divergent receptor effects might exhibit varied responses at different laminae.
Lamina-specific differences in anesthetic effects on dorsal horn neurons have been observed previously (23) . For example, Kitahata et al. (7) reported that halothane and thiopental depressed neuronal single unit activity in Lamina I, V, and VI, but not IV. Similarly, N 2 O has laminar-specific effects on neuronal activity (24) . These investigators also reported that ketamine depressed neuronal responses (25) in a laminar-specific manner. We recently observed that N 2 O depresses neurons in the ventral horn more than those in the dorsal horn (26) . Interestingly, administration of MK-801, which blocks the NMDA receptor, did not depress spinal neuronal responses to noxious stimulation (26) , although it does depress N 2 O MAC (27) . These data suggest that MK-801 decreases MAC by depressing neurons in the ventral spinal cord, such as motoneurons. Headley et al. (28) reported that ketamine, which also blocks the NMDA receptor, did not depress dorsal horn neurons, but did depress motoneurons. In addition, differences in network connectivity among ventral locomotor interneurons compared with dorsal horn neurons might be important.
Isoflurane, halothane, propofol, N 2 O, methohexitone, and ketamine have divergent receptor actions (29) , yet they all cause a similar pattern of neuronal depression, i.e., more depression of ventral horn when compared with dorsal horn neurons (28) . A parsimonious explanation of these findings is that although there might be laminar differences with respect to different receptor types, regardless of the anesthetic, there is progressive depression in a polysynaptic neural circuit involved in the production of movement after noxious stimulation.
Changes in responses of dorsal horn neurons do not necessarily directly translate into an effect at ventrally located neurons. For example, halothane depresses dorsal horn neuronal responses to noxious stimulation, whereas naloxone reverses the depression, but not the immobility (30) . Likewise, additional barbiturates in a barbiturate-anesthetized animal, or microinjection of morphine into the periaqueductal gray, cause depression of motor responses (e.g., tail-flick or hindpaw withdrawal reflex), but do not inhibit responses of most dorsal horn neurons (31, 32) . A coldblock of the spinal cord enhances dorsal horn neuronal responses, but motor responses are depressed (33) . Collectively, these data indicate that neuronal modulation in the dorsal horn does not always influence motor output in the expected direction.
It is noteworthy that the neurons most strongly depressed by the anesthetics tended to be located ventromedially in laminae VII-VIII (Fig. 1) , a location shown recently to contain a substantial population of neurons with long ascending projections to the cervical ventral horn gray matter (34) . Conceivably, some of these neurons may be involved in intersegmental pathways that coordinate hindlimb and forelimb movements during locomotion. The greater susceptibility of such ventrally located neurons to anesthetic depression may partly account for the abolition of gross and purposeful movement to a supramaximal stimulus that defines MAC.
We have found that, in the peri-MAC range, isoflurane, halothane, and propofol depress neurons in the ventral spinal cord more than those located in the dorsal spinal cord. Indeed, the minimal (or absent) depression in the dorsally located neurons in the 0.8 -1.2 MAC range suggests that immobility occurs as a result of action at ventral horn neurons. Nonetheless, depression of dorsal horn neurons in the 0 -0.8 MAC range (9) might be critical to permit anesthetic action at ventrally located neurons to produce immobility.
